Abstract. Experiments carried out on board the research vessel FS 'Meteor' in the open waters of the Red Sea in July-August 1987 showed an apparent underestimation of primary production measured with the radiocarbon method. Short-term experiments with diluted water samples that estimated the growth rate of phytoplankton and the grazing rate of herbivorous microzooplankton provided the means to calculate the primary production. These values were compared with those measured simultaneously by means of the [ 14 C]bicarbonate uptake method. The comparison yielded a larger difference between both methods. The radiocarbon values amounted to a maximal possible average of only ~12% of the calculated ones.
Introduction
In marine research, the measurement of phytoplankton primary production has remained one of the major challenges to date. Steemann Nielsen introduced [ 14 C]bicarbonate uptake as a tool for measuring phytoplankton primary production (Steemann Nielsen, 1952) . This method has been used as a standard procedure worldwide since then (Strickland and Parsons, 1977; Parsons et al., 1985) .
Carpenter and Lively (Carpenter and Lively, 1980) and Peterson (Peterson, 1980) discussed discrepancies found between the production values obtained by means of the 14 C method and by other methods and observations. These discrepancies were particularly observed in oligotrophic zones. For instance, Sheldon et al. found higher production rates of the smallest particles (following a predation release) in the Sargasso Sea that were measured by means of a Coulter Counter than values determined by the radiocarbon technique (Sheldon et al., 1973) . Sieburth reported higher heterotrophic carbon demands than productivity measured by the 14 C method (Sieburth, 1977) . Maestrini et al., in their state-of-the-art report about the approaches to measuring primary production, stated that 'the doubt still persists about the magnitude of P.P. ' and Robertson (Williams and Robertson, 1989) showed that the sampling method could be a major source of contamination. Using the non-contaminating procedure, Laws et al. (Laws et al., 1984 (Laws et al., , 1987 , Marra (Marra, 1984) , Marra and Heinemann (Marra and Heinemann, 1987) and Taguchi et al. (Taguchi et al., 1988 ) measured high growth rates and productivities in oligotrophic waters; however, it could not be decided whether these higher values were caused by the season.
During the first leg of the MINDIK 'Meteor' cruise (Nellen et al., 1996) in the eastern Mediterranean Sea in January 1987, I had started preliminary dilution experiments (Landry and Hasset, 1982) and, owing to certain circumstances, one of the experiments had to be interrupted after only 3 h incubation time. To my surprise, the evaluated experiment showed a challenging high algal growth rate. Taking this observation into consideration, I decided to restrict the incubation time of the dilution experiments to ~3-4 h, and the estimated algal growth rates repeatedly proved to be greater than the maximal value calculated from simultaneous 14 C productivity measurements made in the eastern Mediterranean and Red Sea (open waters) . A further observation made in the Red Sea was that the daily integrated community respiration of the euphotic layer estimated independently showed values from 1 to 2.4 g C, which were always an order of magnitude greater than simultaneous in situ integrated radiocarbon productivitiy measurements (Nellen et al., 1996) . Considering all these observations, I decided to test a hypothesis which stated that the 14 C method was not measuring the algal photosynthesis correctly. Landry and Hasset introduced the dilution method for estimating the grazing impact of herbivorous zooplankton on phytoplankton (Landry and Hasset, 1982) , and this method can also estimate primary production. The present paper presents short-term experiments conducted with diluted water samples in the open waters of the Red Sea during the MINDIK 'Meteor' cruise 5 leg 5 in 1987 that allowed the calculation of primary production values. The values obtained were compared with those measured simultaneously by means of the 14 C method.
Method
This study was conducted during the 'Meteor' cruise MINDIK leg 5 in the Red Sea from 22 July until 7 August 1987. The areas of research are located in the territorial waters of Sudan and Yemen. The stations are located in open waters along the latitudinal axis of the basin of the Red Sea. Table I gives the exact geographical position of the stations. The last station, without a number (n.n.), was sampled in the open waters of the eastern Mediterranean Sea on 15 August.
About 50 litres of surface water were collected using a plastic bucket and poured into a 50 l opaque plastic container. This water was used for both experiments ( 14 C and dilution), which were performed on board simultaneously under identical incubation conditions. Phytoplankton primary production was estimated by radiocarbon uptake (Steemann Nielsen, 1952) , and by strongly diluted water samples, a method that is in context with the dilution method (Landry and Hasset, 1982) .
Radiocarbon method
An original highly concentrated 14 C stock was diluted with an alkaline solution of NaHCO 3 p.a. (pH = 10.5 prepared with NaOH p.a.). No NaCl was added. The c.p.m. efficiency was determined by means of a [ 14 C]toluene standard. This procedure was performed at the self-contained positive pressure isotope laboratory of the Institut für Meereskunde (University of Kiel) Germany.
The first experiment was performed in 100 ml glass incubation bottles, and the subsequent experiments in 250 ml glass bottles. Before being filled, the bottles were rinsed with HCl, distilled water and sampled water. Then, either 100 or 250 ml of the water sample were poured into the bottles. A total of 973 kBq (26.3 µC) of activity were added, corresponding to 1 ml of the stock. A new sterile tip was used for each inoculation series. Immediately after the radiocarbon inoculation, light and dark bottles were placed in a water bath that was cooled with running surface water and located on deck. The incubations were limited to ~3 h (Table I) . Subsamples of 75 ml were withdrawn from the 250 ml dark and light bottles from the beginning at 1 h intervals. Two dark and four light bottles were used.
Immediately after the incubation, the water samples in the light and dark bottles were filtered using 0.2 µm cellulose nitrate membrane filters at maximal vacuum pressure of 0.2 kp cm -2 . After the filtration, the filters were exposed to fuming HCl for ~3 min, after which they were placed in scintillation vials with 10 ml Lumagel. After the filters had dissolved, counting was performed in a Packard TRI-CARB 1500 scintillation counter. The counting efficiency of 92% was determined by using a [ 14 C]toluene standard. The c.p.m. values were corrected accordingly.
Primary production was calculated according to the manual of Strickland and Parsons (Strickland and Parsons, 1977) . The d.p.m. counts from the dark bottles were subtracted from those of the light bottles. When 250 ml incubation bottles were used, the 75 ml subsample volume factor was considered in the calculation. The total inorganic dissolved CO 2 was determined according to the manual of Grasshoff (Grasshoff, 1976) . 
Dilution method
The dilution method used here is similar to that used by Sheldon and Sutcliffe (Sheldon and Sutcliffe, 1978) , with one dilution step. A natural water sample was diluted by a factor of 0.05 with filtered water. This extreme dilution reduces the grazing rate to a negligible fraction of the 'undiluted' value (Gallegos, 1989; Gallegos and Vant, 1996) so it could be ignored. It was assumed that the growth rate of open-water phytoplankton was exponential during a short incubation, and so unaffected by algal biomass and dilution. Diluted and undiluted water samples were incubated simultaneously. Their apparent growth rate (µ) is:
where C t is the biomass (mg C m -3 ) at time t and C o is the initial biomass. µ is the difference between the real algal growth rate (k) and the grazing rate (g):
Assuming g = 0 for diluted incubations, µ equals k, and g for undiluted incubations is the difference in the apparent growth rate in the two incubations:
The primary production is then calculated according to equation (8).
Equation of primary production. The instant rate of change of algal biomass (C) follows the differential equation:
The solution is:
The product kC is the instant photosynthetic rate:
By substituting C t for C in equation (6), we obtain a derivative instead of a differential equation:
By integration of equation (7) from t o to t, we obtain the photosynthesis (P) over the course of the incubation time:
The initial algal biomass C o (as mg C m -3 ) was estimated from the initial chlorophyll, using a low 'carbon to chlorophyll' factor of 20. The calculation of P after equation (8) was thus shown to be dependent on the 'carbon to chlorophyll' factor. The value of 20 that was assumed to be the lowest possible, and so lower than published ones for similar oceanic waters (Sharp et al., 1980; Takahashi et al., 1985; Glover et al., 1988; Taguchi et al., 1988; Furuya, 1990; Chavez et al., 1991; Buck et al., 1996; Verity et al., 1996) , was selected because the calculated P should denote the lowest possible value to be tested in the hypothesis whether the radiocarbon value was lower or not. If the radiocarbon value were lower, then the discrepancy would be automatically demonstrated, and thus any further discussion about a more legitimate 'carbon to chlorophyll' ratio would not be necessary. The purpose of the study was to test the hypothesis of discrepancy, and not to estimate the true magnitude of it.
Incubation procedure. Incubations were carried out in 2.2 dm 3 glass bottles and restricted to 3 h (Table I) . No nutrients were added. The incubation took place at the 14 C experimental location, and both experiments were performed simultaneously.
Filtered sea water for dilution was prepared with Whatman GF/F filters. Filtrate that was filtered again through a GF/F filter showed no chlorophyll fluorescence. Chlorophyll was measured after Parsons et al. (Parsons et al., 1985) on Whatman GF/F filters. Chlorophyll was extracted with 90% acetone and measured fluorometrically before and after acidification in a Turner fluorometer which was calibrated with pure (Sigma) chlorophyll.
The initial chlorophyll concentration was estimated in five aliquots. A value that was suspected to be an extreme one was checked with the outlier test described by Renner (Renner, 1981) , and omitted from the subsequent evaluation when it was statistically significant at the 0.05 confidence level. Two aliquots, 1 dm 3 each, from the undiluted incubation bottles were filtered. The average chlorophyll value only was considered. A maximum volume of 2 dm 3 was filtered from the 5% incubation bottles to obtain a value above the detection limit of the Turner instrument at the ϫ30 window opening. This was estimated to be between 8 and 10 ng. The total amount of chlorophyll estimated at the 5% dilution ranged from 15 to 190 ng (dissolved in 10 ml of 90% acetone). Each chlorophyll value was considered as an individual result in the statistical evaluation. Only those chlorophyll values that were statistically significant at the 0.05 confidence level were taken for the calculation of the apparent growth rate according to equation (1). The chlorophyll values of the diluted values were converted into the undiluted concentration by dividing them by the dilution factor 0.05.
Picoplankton size fraction, temperature and light irradiance
A gentle size fractionation of surface water samples was achieved by means of a 2 µm gauze and gravity filtration. Surface temperature at each station was taken Photosynthetic rates in Red Sea surface waters from the standard station protocol (temperature, salinity, position, etc.) of FS 'Meteor'. In situ scalar irradiance was measured routinely around midday by means of a LI-COR quantameter (LI-193 SB) with a spherical sensor (for the visible photosynthetically active radiation light domain). For the rest of this paper, I will refer to scalar irradiance as irradiance.
Statistical procedure
The null hypothesis was stated as the 5% dilution chlorophyll value belonging to the random error population of the initial chlorophyll. The sample statistics mean and variance, calculated from the initial chlorophyll values, allowed the estimation of the upper confidence limit for the corresponding parameters of the population. The upper (100 -a)% confidence limit value for the population mean was calculated as the sum of the sample mean and the length of the (100 -a)% confidence interval for the population mean calculated with the corresponding Student's t-table value (n -1, a/2 %). The upper (100 -b)% confidence interval for the population variance was calculated by means of the statistic U = (n -1) s 2 / (where n is the sample size, and s and are the standard deviations of the sample and of the population, respectively) with the corresponding 2 table value (n -1, b/2 %). The length of the (100 -b -c)% confidence interval for the deviation of the population was calculated by multiplying the upper confidence limit value for the population standard deviation by the corresponding Z-table value (c/2 %). The sum of the latter and the upper confidence limit value for the population mean gives the upper (100 -a -b -c = 95)% confidence limit test value for the population of initial chlorophyll. The overall Type I error is the sum of a, b and c. a (for the t-value) was set at 2%, b (for the 2 value) at 2% and c (for the Z-value) at 1%, so that the sum could be 5%. The null hypothesis was rejected when the dilution-chlorophyll value was greater than the test value. The power of the test was low; only high dilution-chlorophyll values had a chance to be tested as significantly different. When two significant 5% dilution chlorophyll values were calculated, only the mean chlorophyll value was considered in the further assessment. Only significant values are shown here.
Results and discussion
The growth rate (k) ranged from 0.20 to 0.92 h -1 , and the average was 0.48 ± 0.23 h -1 . The grazing rate ranged between 0.23 and 0.91 h -1 with a mean of 0.48 ± 0.20 h -1 . While the range of the calculated values of photosynthesis obtained according to equation (8) was 1.9-12.5 mg C m -3 , the range of the radiocarbon values was 0.1-3 mg C m -3 , i.e. only 2.6-23.8% of calculated photosynthesis, mean value of 11.5% (Table II) .
The dark and light radiocarbon values, and the difference between them, increased steadily from the beginning of the incubation, showing in most of the cases no lag of radiocarbon uptake (Table III) . The dark radiocarbon values increased from time zero, which was always similar to the light zero time blank to an end dark value by an average factor of 1.75 ± 0.55. On average, the initial dark radiocarbon value comprised ~29 ± 13% of the end light radiocarbon value, the increased uptake in dark radiocarbon during the incubation was ~19 ± 13% of the end light radiocarbon value, and the end dark radiocarbon value was 48 ± 21%. Taking the zero time blank instead of the estimated end dark value, the radiocarbon production increased on average by 49 ± 40%, and ignoring any dark value, the light value was on average 223 ± 89% times higher. Radiocarbon values were always lower than calculated ones. Not considering the first experiment performed with a 100 ml bottle, the standard radiocarbon value comprised on average 12.9 ± 7.0% of the calculated one, the radiocarbon value calculated with the zero time blank comprised on average 18.4 ± 9.7%, and the end radiocarbon light value comprised on average 25.4 ± 11.3%. Any attempt to correlate dark values with other parameters like chlorophyll failed in its significance. Table III . Time sequence of accumulated dark (P d ), light (P l ) and light minus dark (P l -P d ) radiocarbon values as mg C m -3 . P d at time 0 is the zero time blank The surface temperature range was 29.1-33.1°C, the estimated contribution of the picoplankton size fraction (<2 µm) to total chlorophyll ranged from 52.8 to 99.9%, and the estimated surface light irradiance range was 190-1200 µmol m -2 s -1 (Table IV) .
As was mentioned before, the estimated radiocarbon values were in all cases lower than the values estimated by diluted water samples. A similar discrepancy for the radiocarbon uptakes was observed previously by Li and Goldman (Li and Goldman, 1981) . This discrepancy may be due to zooplankton grazing, endogenous inorganic carbon source for photosynthesis, isotope discrimination and possible photoacclimation.
Zooplankton grazing
Inorganic carbon (also 14 C) is assimilated by photosynthesis and transferred by grazing to the zooplankton. This faunal radiocarbon can also have such fates as being respired, egested or excreted, with the consequence that this carbon that is not bound to particles any more cannot be collected on filters. Consequently, the 14 C primary production must per se be underestimated. A preliminary assessment made by means of developed differential equations with assumed ecological transfers of assimilated algal 14 C to grazers and predators, and respiration, egestion and excretion loss (not shown here), showed that with an algal growth rate of 0.3 h -1 and equivalent grazing rate, the photosynthesis was underestimated by 25% after 3-4 h. The same assessment showed that this discrepancy increased with time and algal growth rate (e.g. turnover rate of the biocoenosis).
Endogenous inorganic carbon source for photosynthesis
Raven showed evidence that respired inorganic carbon can be re-assimilated by plant photosynthesis (Raven, 1972a,b) . If this were the case, the assimilated 14 C would correspond to the net productivity of the algae (Williams, 1993) . However, this recycling concept cannot be considered as a cause of the discrepancy because, in such a case, the assimilated 14 C should have corresponded to the net uptake of carbon estimated by the dilution method. 
Possible photoacclimation
The high growth rate values of phytoplankton that were estimated in terms of chlorophyll could have reflected a photoacclimation of algae taken at the sea surface and incubated at a lower light irradiance on deck because of the shadowing of the research vessel. That such a photoadaptation can occur in a period of hours was demonstrated by, for example, Lewis et al. (Lewis et al., 1984) , but this was achieved on the basis of an extreme irradiance shift from 2400 to 100 µmol m -2 s -1 (~5% reduction). Irradiance measurements made in the present survey showed surface irradiance between 190 and 1200 µmol m -2 s -1 , most of them below 1000 µmol m -2 s -1 (Table IV) , and such a drastic light shift was not likely to occur during the present incubations. If a light shift had occurred, then it must have been of the same order of magnitude. An attempt to assess this possibility was made as follows: the rate of change of a photoadaptive variable follows the differential equation [e.g. (Geider and Platt, 1986) ]:
where F is a photoadaptive variable, k is the photoadaption constant and F b is the F value at balanced growth. After equation (9), the rate of light acclimation depends on the gradient of the F-shift (e.g. light shift): the lower the gradient is, the lower is the light acclimation rate. The solution of equation (9) is:
where F o is the initial F value. Rewriting equation (10) we have:
C/Chl can be selected as F. Figure 3a of Lewis et al. (Lewis et al., 1984) shows the above-mentioned photoadaptive time course of C/Chl of a Thalassiosira pseudonana culture grown at 2400 µmol m -2 s -1 that was shifted to 100 µmol m -2 s -1 , and k calculated after equation (11) However, such a dramatic light reduction to ~5% was not conceivable during the present incubations. Figure 7a of Moore et al. (Moore et al., 1995) , which shows the dependence of chlorophyll per Synechococcus cell on growth irradiance, reveals at 300 µmol m -2 s -1 (assumed lower irradiance at the incubation site) 4 fg chlorophyll per Synechococcus cell. Assuming that a Synechococcus cell had 250 fg C (Liu et al., 1995) , a balanced C/Chl value of 62 (= 250 fg C/4 fg chlorophyll per Synechococcus cell) can be computed from it. If this F b value (62), and the same initial F o (100) and k (0.17 h -1 ) values, were then taken into consideration in the calculation of C/Chl after equation (10), C/Chl would show a value of 85 at 3 h, corresponding to a light acclimation rate of 0.05 h -1 {= ln[0.012 (= 1/85)/0.010 (= 1/100)]/3 h}. Figure 7a of Moore et al. (Moore et al., 1995) shows that the x-axis (growth irradiance) has a logarithmic scale and the y-axis (fg chlorophyll per Synechococcus cell) a linear scale, which implies that only an order of magnitude of variation of irradiance can shift the adapted chlorophyll content significantly. A decrease in irradiance of the same order of magnitude, as presumed during the present incubations, could only increase a balanced chlorophyll content from 3 to ~4 fg per cell, and if this photoacclimation had occurred within 3 h this would have corresponded to a maximal possible light acclimation rate of 0.09 h -1 [= ln(4/3)/3].
A standard upper value of algal carbon growth rate for the open ocean postulated in the literature is around 1 day -1 , corresponding to ~0.1 h -1 (= 1 day -1 /12 h). The difference in the average growth rate estimated in terms of chlorophyll of 0.5 and 0.1 h -1 (around 0.4 h -1 ) that should denote the light acclimation rate is shown to be at least ~3-4 times greater than the values given above. Last but not least, a light acclimation of 0.4 h -1 should also have been detected at the undiluted sample, but the average estimated undiluted rate was 0.07 h -1 (Table II) .
Possible nutrient limitation on algal growth during the incubation
The reduction of the grazing rate g in the diluted water sample could only be accomplished by a clearance rate of zooplankton that was within its maximal interval (Gallegos, 1989) . This reduction, in turn, must have diminished the regenerated nutrient supply, causing a potential nutrient limitation on algal growth during the incubation, especially because no nutrients were added to the diluted water sample. This rationalism would narrow the assumed exponential growth. However, such a potential nutrient limitation might not have occurred for the following reasons. Algae in an environment with low nutrient concentration apparently have a large nutrient storage capability induced by the nutrient scarcity in the water ; this capability can be seen as an internal buffer against the external fluctuations while they are still growing at their maximal rates (Harris, 1984) . Morel likewise stated that the growth rate of algae is maintained constant within an acclimation range of nutrient concentration that is also achieved by means of a variation of the nutrient cell quota (Morel, 1987) . In the present survey, no determination of the taxonomic composition of phytoplankton was made; however, the picoplankton was shown to be the dominant size fraction (Table IV) , and Gradinger and Weisse [in (Nellen et al., 1996) , p. 134] and Reckermann and Veldhuis (Reckermann and Veldhuis, 1997) found that the autotrophic picoplankton in the Red Sea was almost dominated by the coccoid cyanobacterium Synechococcus. According to Fogg (Fogg, 1986) , Joint (Joint, 1986) , Stockner and Antia (Stockner and Antia, 1986) and Bryant (Bryant, 1986) , cyanobacteria can use their biliproteins as a nitrogen reserve and, moreover, when cyanobacteria were shifted to a non-exogenous nitrogen supply, they showed the capability of continued growth for an entire cell division period with a concomitant decrease of phycoerythrin, which acted as a nitrogen store (Carr and Wyman, 1986) . The generation times calculated from the estimated growth rates were similar to the incubation times, which supports the non-nutrient limitation of the present incubations.
Growth rate of phytoplankton
The average growth rates estimated in the present survey might be considered as too high, but it should be kept in mind that the statistical procedure used had low power, which means that only high estimated values of chlorophyll had a chance to be tested as significantly different. Because of this, the given average growth rate based on these data cannot be seen as an estimate of the population mean, especially because these values were not taken randomly. Without taking into account the significance of the values, the overall mean algal growth rate of the 18 dilution experiments carried out during this leg was 0.36 ± 0.24 h -1 . Even though this average is still considered as too high, it should also be kept in mind that in this sea area the water temperature was around 30°C. This supports high growth rates (Fogg, 1986; Lenz, 1992) . A number of reports on high growth rates in marine phytoplankton, e.g. cyanobacterial picoplankton [e.g. (Sheldon et al., 1973) ; Koblenz-Mishke et al., 1976 , cited by (Eppley, 1980 ; (Sheldon and Sutcliffe, 1978; Furnas, 1982 Furnas, , 1991 Sheldon, 1984; Carr and Wyman, 1986; Stockner and Antia, 1986; McManus and Ederington-Cantrell, 1992) , on the basis of zeaxanthin], support the high values.
In two short-term dilution experiments carried out previously in the eastern Mediterranean Sea (MINDIK Project), chlorophyll (A.G.Moigis, unpublished data) and cyanobacterial abundance (epifluorescence microscope; P.Walline, personal communication) were estimated simultaneously, and the dilution plots were similar in their pattern. The estimated values of the apparent growth rate of cyanobacteria at the highest dilution of 10% were 0.27 and 0.21 h -1 , corresponding to ~3 day -1 , and support the present high values. These values would be even higher if the extrapolation procedure to zero dilution as proposed by Landry and Hasset (Landry and Hasset, 1983) and Gallegos (Gallegos, 1989) were applied. The similarity of the dilution plots also proved that chlorophyll can be used for measuring algal growth.
Harris, who tried to relate the time scales of environmental fluctuations to the time scales of algal physiological responses, predicted algal specific growth rates of 2-3 day -1 at low biomass (Harris, 1984) , which likewise supports the estimated growth rates. He based this on a very efficient utilization of nutrients by the algae. Furthermore, he stated that the time and related space scales are much too small to be estimated with standard experimental procedures. The algal mean generation time of ~2 h in daytime that can be calculated from the average growth rate is almost similar to the generation time of 3 h estimated in the Sargasso Sea by Sheldon and Sutcliffe (Sheldon and Sutcliffe, 1978) . Their dilution procedure was similar to the present one.
The estimated high growth rates of phytoplankton could be related to the hypothesis of Goldman et al. of being maximal and nonlimited, as indicated by the biochemical composition of the phytoplankton in their studies. Circumstantial evidence for this is given by nonlinear curved dilution plots estimated in the Red Sea [A.G.Moigis, unpublished; A.G.Moigis, in (Lenz et al., 1988) ], indicating that the zooplankton must have been feeding at its saturation level (Gallegos, 1989) , causing high nutrient regeneration. Such a high nutrient regeneration could be substantiated by occasional extreme high dark d.p.m. values in the radioactive uptake of other radiocarbon measurements (not shown here), and by a regularly observed increase in the dark radiocarbon values from the zero time blank during the incubation (Table III) . Such sporadic high or regularly observed increased d.p.m. dark values can be explained by a high bacterial ammonium oxidation rate that provides the necessary energy needed for a chemoautotrophic CO 2 fixation, which, according to Ward et al. (Ward et al., 1982) , can only occur in the dark.
The assimilation number (AN) is hourly photosynthesis (P) normalized to chlorophyll:
P can be approximated by the product of growth rate (k) and algal biomass (C) (P~ dC/dt = k C), and C can be replaced by the product of chlorophyll and the C/Chl ratio. If we took the overall mean growth rate of 0.36 h -1 , and a C/Chl ratio of 80 considered to be representative for such open-sea regions (the value of 20 was only selected for the purpose of testing the hypothesis), AN would show a value of ~29 mg C mg Chl -1 h -1 . This value is similar to a hypothetical maximum of 25 (Falkowski, 1981) , which was based on physiological reasons and related to a non-limitation of nutrients and temperature on growth, and this resemblance supports the argument for non-limited algal growth.
In conclusion, there are the following arguments supporting the estimated high growth rates: high temperature (~30°C), picoplankton dominance and a relatively short incubation time (3-4 h), which might have helped to prevent a nutrient limitation based on regeneration alone.
The dilution method could open up an alternative way for estimating primary production. However, it should be taken into account that either an appropriate C/Chl factor should be selected based on taxonomic composition, or that the initial algal carbon should be counted by microscopy. Since in open waters the phytoplankton depends more on regenerated nutrients, it should be kept in mind that the algal growth in the diluted sample should not become nutrient limited during the incubation due to a decreased regenerated nutrient supply. For coastal waters, it is recommended that the dilution experiment should be performed according to the protocol of Landry and Hasset (Landry and Hasset, 1982) because a conceivable logistic algal growth could be engendered by a greater dependence of the phytoplankton on external nutrients that was detected in such waters (Anderson et al., 1991) .
This method has the advantage of being less expensive than the radiocarbon method, which needs an expensive radioactive infrastructure such as an isotope laboratory or enough funds to rely on foreign services. This is why the present dilution method could be introduced as an alternative for developing countries with lower financial research capabilities than developed countries.
